The possibility of a strongly first-order electroweak phase transition is established in the minimal supersymmetric standard model with an extra U (1) ′ , where a nontrivial CP violating phase is introduced in its Higgs sector. We find that there is a wide region in the parameter space of the model that allows the strongly firstorder electroweak phase transition. The mass of stop quark need not be smaller than the top quark mass to ensure the first-order electroweak phase transition be strong. The effect of the CP violating phase upon the strength of the phase transition is discovered. The strength of the phase transition is reduced when the size of the CP violation is increased. For a given CP violating phase, we find that the model has a larger mass for the lightest Higgs boson when it has a stronger phase transition.
I. INTRODUCTION
The three necessary conditions for explaining the observed baryon asymmetry of the universe, suggested several decades ago by Sakharov [1] , are the violation of baryon number conservation, the violation of both C and CP, and the deviation from thermal equilibrium. As is well known, in order to ensure sufficient deviation from thermal equilibrium, the electroweak phase transition (EWPT) that is responsible for the baryogenesis should be strongly first-order, since otherwise the baryon asymmetry generated during the EWPT would subsequently disappear. The criterion for strength of the EWPT is given by the baryon preservation condition v c (T c ) ≥ T c [2] , where v c (T c ) and T c are respectively the critical vacuum expectation value (VEV) and the critical temperature.
In the literature, a large number of articles have been devoted to the possibility of establishing the strongly first-order EWPT in various theoretical models, including the Standard Model (SM) which is naturally the primary candidate. It has been found however that the SM is inadequate to accommodate the desired EWPT, because it cannot produce the CP violation large enough to generate the baryon asymmetry by means of the complex phase in the Cabibbo-Kobayashi-Maskawa matrix alone [3, 4] , and it cannot make the EWPT strong enough unless the mass of the SM Higgs boson is below the present experimental lower bound.
Attentions have been paid to alternative models beyond the SM within the context of the electroweak baryogenesis. Those models embedded in the supersymmetry (SUSY), having at least two Higgs doublets, are considered as the most plausible alternatives since they can bring about additional sources of CP violation in their Higgs sectors [5] . Among them, it has been shown that the minimal supersymmetric standard model (MSSM) with a light stop quark, being consistent with the present experimental bounds for both the Higgs bosons and the supersymmetric particles, allows the possibility of electroweak baryogenesis [6] [7] [8] [9] [10] [11] [12] [13] [14] . The tree-level Higgs potential of the non-minimal supersymmetric standard models, extended from the MSSM by introducing an additional Higgs singlet, may possess trilinear terms in Higgs fields. It has been studied that these trilinear terms may lead the models to the electroweak baryogenesis satisfying the baryon preservation condition in a wide parameter space, without requiring a light stop quark [15] [16] [17] [18] [19] [20] [21] .
We have also studied several models for the possibility of the strongly first-order EWPT [22] [23] [24] . Recently, an MSSM with U(1)
′ gauge symmetry has been our subject [24] . This model is found to satisfy the baryon preservation for a wide parameter space, without requiring scalar-pseudoscalar mixing or a light stop quark below top quark mass. This model may also accommodate new sources of CP violation in its SUSY soft terms, which allow enough baryon creation. It is mainly because its tree-level Higgs potential possesses the trilinear terms like the non-minimal supersymmetric models.
In this paper, we continue to study the MSSM with U(1) ′ , this time including the explicit CP violation. In the explicit CP violation scenario, we examine carefully whether the strongly first-order EWPT may be realized in the model. We take into account the radiative corrections due to top and stop quarks, with the scalar-pseudoscalar mixings. We find that a strongly first-order EWPT is indeed viable for some parameter space of this model in explicit CP violation scenario. Then, we investigate the effects of the CP mixing between scalar and pseudoscalar Higgs bosons, which is produced by the CP phase in the stop quark masses, on the strength of the first-order EWPT. We find that the CP phase arising from the stop quark masses reduces slightly the strength of the first-order EWPT. On the other hand, the lightest Higgs boson mass does not seriously affect the strength of the first-order EWPT, since it may be either enhanced or reduced by increasing the lightest Higgs boson mass, depending on other parameters.
II. HIGGS SECTOR AT ZERO TEMPERATURE
The Higgs sector of the MSSM with U(1)
′ consists of two Higgs doublets
2 ), and a neutral Higgs singlet S [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Retaining only the Yukawa coupling of top quark, the superpotential of this model may be written as
where h t is the top Yukawa coupling coefficient, Q is the left-handed quark doublet superfield of the third generation, t c R is the charge conjugate of the right-handed top quark superfield, λ is the dimensionless coupling constant, and ǫ is a 2 × 2 antisymmetric matrix defined as ǫ 12 = 1.
The tree-level Higgs potential of this model at zero temperature may be decomposed into F -terms, D-terms, and soft terms as
with
where g 2 , g 1 , and g Besides the phase φ s , the Higgs potential may explicitly contain complex coefficients. While other terms can be made real through redefinition of the Higgs fields, the trilinear terms, λA λ H T 1 ǫH 2 S + H.c., may remain complex. Thus, we are left with a complex phase φ 0 = φ λ +φ A λ +φ s , where φ λ is the phase of λ and φ A λ is that of A λ . At the tree level, this complex phase φ 0 can always be eliminated by rotating suitably the relevant Higgs fields. The Higgs potential does not yield any CP mixing among the scalar and pseudoscalar Higgs fields [33, 34] . At the one-loop level, a non-trivial complex phase emerges in the stop quark masses, which yields the mixing of the scalar and pseudoscalar Higgs bosons. In general, the contributions from the top and stop quark loops are most dominant at the one-loop level for a wide parameter space. The one-loop effective potential, at zero temperature, due to the top and stop quark loops is given as [35] V 1 (0) = where m T is the soft SUSY breaking mass, m t = h t v 2 is the mass of top quark, A t is the trilinear SUSY breaking parameter with mass dimension, and φ t is a phase originating from the phases of λ, A t , and s.
In case of explicit CP violation, at the one-loop level, the non-trivial tadpole minimum condition with respect to the pseudoscalar component of the Higgs field is given as
where φ 0 , which can be eliminated by rotating the neutral Higgs fields at the tree level, can not be so at the one-loop level, and the dimensionless function f is defined as
In the present model, there are four neutral Higgs fields. The physical Higgs bosons and their squared masses are given respectively by the eigenvectors and the eigenvalues, denoted as m is the smallest eigenvalue and h 1 is the lightest neutral Higgs boson. The explicit expression for the mass matrix may be found elsewhere [33, 34] .
The elements of the mass matrix, which are responsible for the mixing between the scalar and pseudoscalar Higgs bosons, are proportional to sin φ t . Thus, the CP mixing in the present model at the one-loop level is triggered by φ t , which is practically the only source of CP violation in this model. If φ t = 0, these four neutral Higgs bosons may be classified into three scalar and a pseudoscalar Higgs bosons.
III. THERMAL EFFECTS IN HIGGS POTENTIAL
Up to now, we have studied the Higgs potential of the MSSM with U(1)
′ at zero temperature. We now include the thermal effects to the Higgs potential in order to examine its behavior at the finite temperature. For the thermal effects, we take into account the one-loop contributions due to the top and stop quarks at finite temperature T , which is given as [36] 
where the first term represents the thermal effects of top quark, and second term those of the stop quarks, and the temperature dependence is explicitly shown. The masses of the field-dependent stop quarks in the above expression contain implicitly φ t that triggers the CP violation. The full effective potential at the one-loop level at finite temperature is therefore
In order to study the possibility of a strongly first-order EWPT in this model, we examine if the full effective potential may develop two degenerate vacua at finite temperature, which is the critical temperature for the phase transition, and also examine if it may satisfy the baryon preservation condition. It is known that the trilinear terms proportional to A λ in the tree-level Higgs potential of the present model allows a strongly first-order EWPT for a wide parameter space, if the CP violation is turned off in its Higgs sector [34] . Then, we are mainly interested in the behavior of the present model in the presence of an explicit CP violation in its Higgs sector. In particular, we study the dependence of the strength of the strongly first-order EWPT upon the size of CP violation.
In terms of the VEVs at finite temperature, the vacuum is determined by the minimum of the following effective potential,
where v 1 , v 2 , and s are now the temperature-dependent vacuum expectation values with
The minimum conditions for the one-loop effective potential at the zero temperature may express the soft SUSY masses m i (i = 1, 2, 3) in V 0 as
+ 3h
where v 1 (0), v 2 (0), and s(0) are the zero-temperature vacuum expectation values of the three neutral Higgs fields. Notice the presence of the phase φ 0 , which is expressible as the other parameters via the tadpole minimum condition at the one-loop level shown in the previous section. The procedure of exploring the parameter space of the present model starts with reducing the number of variables. By calculating ∂V /∂s| v 1 ,v 2 ,s = 0, which is one of the minimum conditions that the first derivatives of the effective potential should satisfy, we obtain the following nonlinear equation, 0 = 2m
which can be used to express s in terms of other variables, v 1 and v 2 . Thus, by substituting s into V (v 1 , v 2 , s, T ) , we are left with V (v 1 , v 2 , T ) .
For given set of relevant parameter values, we search the minima of V (v 1 , v 2 , T ) in the (v 1 , v 2 )-plane, varying the temperature. If two independent but degenerate minima are found for a given temperature, it is the critical temperature, T c , and the shape of the potential at the temperature allows a first-order EWPT. Let one minimum point in the (v 1 , v 2 )-plane be A, and the other, B. The distance between A and B is given as
where s A and s B are obtained by inverting the above nonlinear equation, by means of the bisection method. The critical vacuum expectation value, v c , is defined as the distance between the two degenerate minima. Then, by comparing v c with the critical temperature, we can check if the baryon preserving condition is satisfied. In this way, the possibility of a strongly first-order EWPT is established in the MSSM with U(1) ′ , with explicit CP violation.
IV. NUMERICAL ANALYSIS
Now, for numerical analysis, we set the renormalization scale Λ as 300 GeV and the mass of top quark as 175 GeV. The effective U(1) ′ charges,Q i , may be redefined as
, for the sake of convenience, becauseQ i always go together with the U(1)
′ gauge coupling constant [34] . LikeQ i , Q i also satisfy the U(1)
′ gauge invariance condition, Q i = 0. We have established the experimentally allowed region in the (Q 1 , Q 2 )-plane in Ref. [34] , using such constraints as the extra gauge boson mass and the mixing angle between the two neutral gauge boson α ZZ ′ . We adopt the results of Ref. [34] , namely, Q 1 = −1, Q 2 = −0.1, and Q 3 = 1.1. We further set for our numerical analysis tan β = 3, s(0) = m T = 500 GeV, and A t = 100 GeV. Then, we are left with four free parameters: φ t , λ, A λ , and T in the full effective potential.
In Fig. 1 , the equipotential contours of the effective potential at the one-loop level, V (v 1 , v 2 , T ) , are plotted in the (v 1 , v 2 )-plane for φ t = π/1000, λ = 0.8, A λ = 2271 GeV, and T = 100 GeV. We take a very small value for the phase φ t in order to study the case of an almost exact CP conservation. Since there are two degenerate minima in Fig.  1 , T = 100 GeV is the critical temperature, and a first-order EWPT is possible. Let us examine the strength of the phase transition. The coordinates of the two minima in the (v 1 , v 2 )-plane determine the VEVs at the two degenerate vacua as: (v 1 , v 2 , s) = (1, 3, 489) and (199, 507, 617) in GeV. Note that s is obtained indirectly through the nonlinear equation. The critical VEV is then calculated to be about v c = 557 GeV for Fig. 1 . Thus, the baryon preserving condition is satisfied enough since v c /T c = 5.57. It is therefore possible that the present model accommodates a strongly first-order EWPT. The masses of the four neutral Higgs bosons are obtained using the parameter values in Fig. 1 as 73 , 792, 1748, and 1750 GeV.
In Fig. 2 , the equipotential contours of V (v 1 , v 2 , T ) are plotted in the (v 1 , v 2 )-plane for φ t = π/2, λ = 0.8, A λ = 2271 GeV, and T = 147 GeV. We take the maximal value of the phase φ t for the CP violation, that is, sin φ t = 1, in order to study the effect of the CP phase on the strength of the phase transition. The critical temperature in Fig. 2 is 147 GeV, since there are two degenerate minima. The coordinates of the minima are the same as Fig. 1 , hence the critical VEV is the same as Fig. 1 . However, the critical temperature is different from Fig. 1 , and therefore the strength of the phase transition is different from Fig. 1 : it is v c /T c = 3.79. We find that the strength of the phase transition is reduced. Also, we find that the mass of the lightest neutral Higgs boson is slightly increased as φ t is changed from π/1000 to π/2.
We continue our numerical analysis for other parameter values. In Fig. 3 , the equipotential contours of V (v 1 , v 2 , T ) are plotted in the (v 1 , v 2 )-plane for φ t = π/1000, λ = 0.7, A λ = 2115 GeV, and T = 100 GeV. The strength of the first-order EWPT is estimated to be about 6.24. The mass of the lightest neutral Higgs boson is about 79 GeV. In Fig. 4 , for φ t = π/2, λ = 0.7, A λ = 2115 GeV, the critical temperature is about T c = 143 GeV. We find that the strength of the first-order EWPT is decreased from 6.24 to 4.36, and the mass of the lightest neutral Higgs boson is slightly increased from 79 GeV to about 80 GeV, as φ t is changed from π/1000 to π/2, comparing the numerical results of Fig. 4 with those of Fig. 3 .
The effect of φ t that accounts for the CP mixing between the scalar and pseudoscalar Higgs bosons upon the strength of the first-order EWPT seems rather straightforward, if we compare Fig. 1 with Fig. 2 , or Fig. 3 with Fig. 4 . Increasing the size of the CP mixing between the scalar and pseudoscalar Higgs bosons would result in decreasing the strength of the phase transition. On the other hand, the relationship between the strength of the first-order EWPT and the mass of the lightest Higgs boson may be seen clearly if we compare Fig. 1 with Fig. 3 or Fig. 2 with Fig. 4 , since in this way we can exclude the effect of φ t . Comparing Fig. 1 with Fig. 3 , where φ t is fixed at π/1000, it is evident that the strength of the phase transition increases as the mass of the lightest Higgs boson increases. This behavior is also observed if we compare Fig. 2 with Fig. 4 , where φ t is fixed at π/2. Combining these two observations, one might expect that in the MSSM with U(1) ′ in explicit CP violation scenario the strength of the phase transition increases if the mass of the lightest neutral Higgs boson increases or if the size of the CP mixing between the scalar and pseudoscalar Higgs bosons decreases. We summarize in Table 1 
V. CONCLUSIONS
In the MSSM with U(1) ′ in explicit CP violation scenario, at the effective one-loop level, we study the possibility of a strongly first-order electroweak phase transition. The radiative corrections are evaluated by employing the effective potential method, taking into account the top and stop quark loops. The explicit CP violation is triggered by a phase arising in the stop quark masses. We have searched for the parameter space of the model to find that some region in the parameter space allows a strongly first-order electroweak phase transition. Four sets of parameter values are selected and plotted in figures in order to show explicitly that a strongly first-order electroweak phase transition is possible indeed.
It is natural that the strength of the phase transition would change if we choose In particular, it may depend on the size of the phase for the CP mixing between the scalar and pseudoscalar Higgs bosons. We find that the strength of the strongly first-order electroweak phase transition decreases as the phase for the CP mixing increases. The mass of the lightest neutral Higgs boson is also changed as the parameter values are changed. We find that, for a fixed value of the CP phase, the lightest neutral Higgs boson becomes heavier when the strength of the phase transition is enhanced. In other words, if the phase transition is stronger for a set of parameter values than for another set of parameter values, then the mass of the lightest Higgs boson is also larger for the former set of parameter values than for the latter. 
